Motherhood in mammals involves tremendous changes throughout the body and central nervous system, which support attention and nurturing of infants. Maternal care consists of complex behaviors, such as nursing and protection of the offspring, requiring new mothers to become highly sensitive to infant needs. Long-lasting neural plasticity in various regions of the cerebral cortex may enable the perception and recognition of infant cues, important for appropriate caregiving responses. Recent findings have demonstrated that the neuropeptide oxytocin is involved in a number of physiological processes, including parturition and lactation and dynamically shaping neuronal responses to infant stimuli as well. Here, we review experience-dependent changes within the cortex occurring throughout motherhood, focusing on plasticity of the somatosensory and auditory cortex. We outline the role of oxytocin in gating cortical plasticity and discuss potential mechanisms regulating oxytocin release in response to different sensory stimuli.
Introduction
Maternal care is critical for child survival and health (Rilling and Young 2014) . Early mother-infant relationships have long-term effects on the cognitive, behavioral and emotional development of offspring. New mothers themselves undergo dramatic endocrinological and physiological changes supporting the establishment and maintenance of maternal caregiving, including changes throughout the central nervous system Bridges 2016; Kim et al. 2016; Olazábal et al. 2013) . Healthy maternal sensitivity is characterized by the ability to reliably recognize and respond to infant cues, thus initiating appropriate caregiving responses (Dulac et al. 2014; Insel and Young 2001; Kohl and Dulac 2018; Kurth et al. 2014; Marlin et al. 2015; Parsons et al. 2017; Rickenbacher et al. 2017; Rilling and Young 2014) .
Mammalian infants interact with adults in specific ways and their physiological needs are signaled by stereotypic behaviors that share general principles among species (Blass and Teicher 1980; Lingle et al. 2012; Matthiesen et al. 2001; Newman 2007; Zeifman 2011) . These signals from the newborn, in turn, trigger complex behaviors in the mother: direct somatic contact with the offspring mainly initiates a nursing response, while other sensory stimuli like cries or odors contribute essentially to arousal and orientation (Bridges 2016; Swain et al. 2011) .
Growing evidence indicates that the emergence of different aspects of maternal behavior relies on experiencedependent changes within the maternal brain that enable the processing of sensory cues from the newborn (Bridges 2015; Kim et al. 2016; Kohl and Dulac 2018) . Among other changes, long-lasting plasticity in that somatosensory (Rosselet et al. 2006; Xerri et al. 1994 ) and auditory (Cohen et al. 2011; Cohen and Mizrahi 2015; Liu et al. 2006; Liu and Schreiner 2007; Marlin et al. 2015; Shepard et al. 2016; Tasaka et al. 2018) cortex have recently been shown to contribute to increased responsiveness to infant cues. Most of these studies have been performed in rodents, amenable to techniques for selective monitoring and manipulation of single cells and networks in vivo.
An important question is what mechanisms drive the increase in salience of social information from the offspring. The neuropeptide oxytocin can selectively gate cortical responses to infant stimuli to subsequently enable maternal care Marlin et al. 2015) . Oxytocin is synthesized in the paraventricular nucleus (PVN) and the supraoptic nucleus (SON) of the hypothalamus (Grinevich 2017; Ludwig and Leng 2006) and exerts its central actions via the oxytocin receptor (Ludwig and Leng 2006) . Oxytocin is responsible for various prosocial functions in mammals such as parental care, pair bonding and empathy (Feldman 2016; Fineberg and Ross 2017; Insel and Young 2001) . Thus, oxytocin priming of cortical circuits in new mothers may allow further experiencedependent reshaping of neural representations of infant cues.
Plasticity in the somatosensory cortex during motherhood
Mammalian life cycle consists of multiple milestones including early postnatal development, reaching sexual maturity and the transition to motherhood. Novel experiences trigger adaptive changes in cortical circuits to allow the perception and the recognition of sensory stimuli with behavioral significance and enable adaptive behaviors (Carcea and Froemke 2013; Froemke 2015) . Although the cortical critical period ends relatively early in the postnatal development, cortical networks maintain the ability to undergo plasticity with experience or learning during adulthood (Brecht et al. 2018; Carcea and Froemke 2013; Gilbert and Li 2012; Hensch 2005) . Importantly, the neural processing of socially relevant stimuli is supported by experience-dependent changes in cortical circuits (Brecht et al. 2018) . Motherhood is a dramatic natural experience that requires the acquisition of complex behaviors related to infant needs. Dynamic changes in neural representations of infant cues in the sensory cortex may provide a substrate to support attention and nurturing towards the young.
In the primary area of the somatosensory cortex (S1), the representation of the ventrum is expanded in primiparous lactating rats compared to virgins (Rosselet et al. 2006; Xerri et al. 1994) . This is displayed by a twofold increase of the area representing the nipples and areolae, likely due to strengthened sensory inputs related to nursing (Fig. 1a) . Indeed, in postpartum rodents, the frequency and duration of tactile stimulation from suckling pups is dramatically increased as infants spend around 50% of their awake time nursing (Champagne et al. 2007; Grota and Ader 1974) . Stronger afferent inputs from the nipples, resulting from the continuous nursing, may induce activity-dependent plasticity in S1 neurons similarly to the expansion of the female genital cortex during puberty (Lenschow et al. 2017 (Lenschow et al. , 2016 .
Changes in the S1 representational territory are strongly related to nursing experience as it is absent in postpartum rats (Fig. 1a , BNon-lactating^) whose litters have been removed on the day of birth (Xerri et al. 1994) . This implies that active nursing is required for S1 map plasticity, rather than parturition alone. In addition, increase in dendritic spine density in layer III and V pyramidal neurons of the somatosensory cortex is more prominent in lactating dams after 2 weeks of lactation onset, compared to pregnant females (Chen et al. 2017 ) but the thickness of the rat somatosensory cortex is increased almost immediately after parturition (Hamilton et al. 1977) .
Experience-dependent changes in cortical responses continue throughout the post-partum period. Receptive fields of S1 neurons representing the nipple-bearing skin of the ventrum in lactating rats are reduced prior to S1 map extension, at 1 week after nursing onset (Rosselet et al. 2006 ). This refinement of cellular responses allows for finer topographic representation. However, the size of receptive fields return to baseline levels at 3 weeks after nursing onset, prior to weaning. In contrast, map extension appears much later (at 2 weeks after nursing onset) but it is maintained until weaning (Rosselet et al. 2006 ). In addition, increased dendritic spine density in layer III and V pyramidal neurons remains up to 6 weeks after weaning (Chen et al. 2017) .
Nursing-induced cortical plasticity promotes strong activation of S1 in response to nipple stimulation, which is not restricted to natural nursing behavior. Indeed, increased activation of S1 during suckling can also be mimicked by artificial suction or nipple rubbing, suggesting that adaptive changes in the cortex of lactating dams are quite stimulus-specific and do not necessarily require the presence of the pup itself to engage these mechanisms (Febo et al. 2008 ).
Plasticity in the auditory cortex during motherhood
Neural representations of pup vocalizations in the auditory cortex also undergo experience-dependent plasticity with the transition to motherhood (Fig. 1b-d) , thus enhancing auditory responses to pup calls (Cohen et al. 2011; Cohen and Mizrahi 2015; Liu et al. 2006; Liu and Schreiner 2007; Marlin et al. 2015; Shepard et al. 2016; Tasaka et al. 2018) . Pup distress calls are overrepresented in dams compared to virgins, leading to a stronger activation of the deep layers and increased noise correlation in layer II/III of the auditory cortex in lactating females (Cohen et al. 2011; Rothschild et al. 2013) . In addition, pup distress calls reliably drive individual neurons in mouse primary auditory cortex (A1) in a temporally precise manner (Marlin et al. 2015) . These changes are paralleled by a shift in the balance between excitation and inhibition (Cohen and Mizrahi 2015; Marlin et al. 2015 ) and a greater number of pup call-responding neurons (Tasaka et al. 2018 ).
Furthermore, the overall tonotopic organization of A1 is not modified by motherhood compared to the S1 representational territory of the ventrum (Rosselet et al. 2006; Shepard et al. 2016 Shepard et al. , 2015 Xerri et al. 1994) , perhaps because neurons responding to pup calls are fairly sparse and found throughout the entirety of A1 irrespective of frequency.
Importantly, auditory cortical plasticity appears to endure longer than representational changes to S1. As mentioned above, somatosensory map extension and receptive field shifts are observed exclusively during the lactation period (during the 3 weeks after parturition); during this period, dams are engaged in active nursing and receive continuous tactile stimulation from the suckling pups (Rosselet et al. 2006; Xerri et al. 1994) . In contrast, changes in the auditory cortex that might enhance the detection of infant vocalizations have been shown to persist up to several weeks after weaning when pups do no longer need extensive maternal care. Indeed, increase in neuronal responsiveness to the bout structure of pup distress calls can be observed up to a week after weaning (Liu et al. 2006) . Improved pup call detection and discrimination information also persists after weaning as decreased latency of response onset and increased magnitude of auditory cortex responses to pup calls (Fig. 1b) are observed in weaned dams (Liu and Schreiner 2007) , although a recent study reported that single-cell responses to pup calls in dams disappear at 10 days post-weaning (Tasaka et al. 2018 ). In the auditory cortex of lactating, as well as weaned (up to 3 weeks) dams, an increase in the neuronal responses to pup calls in ultrasoundresponding regions, while a decrease in responses in areas that respond to low-frequency sounds are observed (Shepard et al. 2016) . This is paralleled by a decrease in the spontaneous activity of single neurons in weaned dams (Galindo-Leon et al. 2009; Lin et al. 2013) . Such a contrast enhancement may further strengthen the recognition of natural pup sounds with behavioral relevance in dams. In any case, behavioral responses of experienced mothers persist Liu and Schreiner (2007) . Whole-cell recordings in A1 of dams (c) and virgins (c′). Spiking (c″) and synaptic (c′″) responses to pup calls playback. Note the temporal precision of spiking responses and the correlation of synaptic excitation and inhibition (rei-best) in dams (c″″, d) compared to virgins (c′″″, d′). Adapted with permission from Marlin et al. (2015) throughout life to pup distress calls. Studies from human mothers show that reactivity to infant auditory cues builds over time. Vocalization processing of baby cries is increased in more experienced mothers Parsons et al. 2017) , which possibly improves the recognition of the behavioral meaning of these sounds and promotes appropriate caregiving responses (Kurth et al. 2014) .
The behavioral and broader evolutionary advantage of these long-lasting changes in the auditory cortex in response to infant vocalizations remains unexplored. A possible interpretation can be that such plasticity of auditory responses may lead to increased sensitivity of a broader range of social vocalizations (including infant and adult calls), which can promote robust parental and pro-social behaviors. This, in turn, will have a positive outcome for future maternal or social experience and therefore be crucial for the survival of different mammalian species.
Potential roles of oxytocin for cortical plasticity
What neurobiological mechanisms might be recruited for changes to cortical networks that might help guide behavior? In many cases, long-lasting plasticity in the adult cortex requires activation of subcortical modulatory systems that provide behavioral context to incoming sensory signals (7Froemke 2015). In the case of maternal behavior, oxytocin is a main candidate for hormonal regulation and neural circuit modulation relevant for parenting. There are two complementary circuit mechanisms that might be engaged. First, increased sensory inputs related to infant needs might efficiently drive oxytocin neurons (directly or indirectly). Second, enhanced oxytocin release might promote cortical plasticity to further increase the detection of infant stimuli. In the first case, experience-dependent plasticity of hypothalamic oxytocin neurons might increase their activity in response to pup stimuli (touch, sound) and promote faster and more reliable peripheral and central release of oxytocin. In the second case, central oxytocin release from the hypothalamus may also provide a feedforward modulation of cortical activity.
Projections arising from sensory or higher-order cortical areas might provide an important input to PVN oxytocin neurons, leading to increased oxytocin release in downstream areas, possibly including the cerebral cortex and/or upregulating oxytocin synthesis in the hypothalamus. Indeed, the latency of the milk ejection reflex in lactating rats decreases at longer postpartum times (Jans and Woodside 1987) and the sound of a baby cry activates the hypothalamus (Lorberbaum et al. 2002) and triggers oxytocin plasma elevations in human mothers (McNeilly et al. 1983 ). This suggests an activitydependent potentiation of oxytocin neuronal responses to infant cues leading to increased activation of the hypothalamus following different sensory stimuli.
Interestingly, oxytocin levels in the barrel field of S1 have been shown to vary with sensory experience, with higher oxytocin after prolonged sensory stimulation and lower oxytocin following sensory deprivation. Increased sensory experience through environmental enrichment results in higher oxytocin mRNA levels in the hypothalamus and oxytocin peptide levels in S1 (Zheng et al. 2014) . Conversely, hypothalamic oxytocin mRNA levels and the number of oxytocin neurons in PVN (but not in SON) are reduced after sensory deprivation from birth through both dark-rearing and whisker deprivation (Zheng et al. 2014 ). This implies that oxytocin neurons are particularly sensitive to variations in sensory inputs and that oxytocin release from the PVN of dams may be influenced by the duration and the intensity of sensory stimulation from the pups.
Neuromodulation of cortical activity by oxytocin is important for female reproductive and maternal behavior (Marlin et al. 2015; Nakajima et al. 2014; Sabihi et al. 2014) . Oxytocin in A1 and medial prefrontal cortex (mPFC) mediates pup retrieval (Marlin et al. 2015; Sabihi et al. 2014) . Blockade of mPFC oxytocin receptors enhances maternal aggression (Sabihi et al. 2014 ) and central oxytocin administration decreases the activation of the prelimbic mPFC when dams are presented with predator odor, likely decreasing fear response (Febo et al. 2009 ). Oxytocin is also involved in female sexual behavior during estrous by modulating the activity of interneurons in the prefrontal cortex (Nakajima et al. 2014) . Both S1 and A1 are enriched in oxytocin receptors, with additional lateralization of A1 oxytocin receptor expression such that more cells express these receptors in female left A1 than right A1 (Marlin et al. 2015; Mitre et al. 2016) . Interestingly, the left auditory cortex is responsible for neural processing of cry perception in humans (Montoya et al. 2012; Sander and Scheich 2005) . Variations in the human oxytocin receptor gene are associated with different sensitivity to infant crying (Riem et al. 2011) and different degrees of parental responsiveness measured by mother-infant interactions (Michalska et al. 2014) . Oxytocin receptors in A1 are mainly expressed by parvalbumin and somatostatin interneurons (Marlin et al. 2015; Mitre et al. 2016) . Activation of these receptors via oxytocin application decreases evoked and spontaneous inhibitory transmission and increases spiking output in A1 (Marlin et al. 2015; Mitre et al. 2016) . Oxytocin leads to a similar increase in the temporal precision of spike output in the hippocampus, although it acts by different mechanisms. Activation of the oxytocin receptor in the hippocampus results in increased inhibitory tone by increasing the activity of fast-spiking interneurons and a subsequent decrease in the background firing of pyramidal neurons (Owen et al. 2013) . Oxytocin enables A1 plasticity in vivo, thus enhancing responses to different acoustic stimuli (infant vocalizations and pure tones) in virgins and speeds the acquisition of maternal behavior (Marlin et al. 2015; . Endogenous oxytocin release by optogenetic stimulation of PVN oxytocin neurons (or oxytocin fibers in A1) or exogenous oxytocin application, when paired with pup distress calls, enables rapid rescaling of excitatory and inhibitory synaptic transmission. This excitatory-inhibitory balance results in highly reliable, temporally precise activation of cortical neurons in dams and experienced virgins (Marlin et al. 2015) . Therefore, central oxytocin release may increase the salience of incoming sensory inputs in particular contexts and promote activity-dependent plasticity of cortical networks. Oxytocin also seems to be involved in the degree of S1 activation during nursing episodes ) but its role in S1 plasticity and its timecourse related to cortical receptive fields and map reshaping in dams remains unknown.
Central actions of oxytocin are mediated by oxytocin receptors on cortical interneurons but the exact nature of cortical oxytocin remains somewhat debated (Marlin et al. 2015; Mitre et al. 2016; Stoop 2012; Zheng et al. 2014) . Blockade of oxytocin signaling by intraventricular infusion of the oxytocin antagonist OTA decreases fMRI signals in the somatosensory cortex of dams during nursing ). However, Zheng et al. (2014) did not identify any direct projections from the PVN to a sensory cortex using retrograde tracing. In contrast, direct inputs from PVN to A1 were demonstrated, as anterograde tracing of PVN oxytocin projections showed the presence of axonal fibers in both left and right A1 (Marlin et al. 2015) . Importantly, oxytocin fibers in A1 are functional, as their optogenetic stimulation results in similar effects as direct oxytocin application: reduction of synaptic inhibition and increased firing of cortical neurons in vivo (Marlin et al. 2015; Mitre et al. 2016) . Functional oxytocinergic axons have also been found in various central areas such as the lateral part of the central amygdala (Knobloch et al. 2012) , piriform cortex , anterior olfactory nucleus (Oettl et al. 2016 ) and ventral tegmental area (Hung et al. 2017 ).
Spatiotemporal scales of cortical oxytocin signaling
Somatic stimulation from the periphery triggers oxytocin release in the blood during parturition and suckling (Fig. 2) . Oxytocin neurons are activated in response to the stretch of the cervix to further induce peripheral oxytocin release that stimulates uterine contractions, required for the expulsion of the fetus during labor (Chan and Chen 1992; Matthiesen et al. 2001; Summerlee 1981) . Similarly, massaging and licking of the nipples from the young during suckling triggers oxytocin release important for the contraction of the myoepithelial cells in the breast and subsequent milk ejection (Brown and Moos 1997; Ellendorff et al. 1982; Freund-Mercier et al. 1988; Nishimori et al. 1996; Paisley and Summerlee 1984) . Somatosensory information from the uterus and the nipples enters the dorsal horn of the spinal cord through sacral and thoracic C-fibers of the spinal nerve via the dorsal root ganglion and reaches the brain through the lateral spinothalamic tract or the spinocervicothalamic tract; it is then relayed through the ventral posterolateral thalamic nucleus to S1 (Dubois-Dauphin et al. 1985a, b; Eayrs and Baddeley 1956; Fukuoka et al. 1984) . Oxytocin neurons in the PVN and SON receive somatosensory information through A2 adrenergic fibers originating from the nucleus tractus solitarius in the brainstem (Cunningham and Sawchenko 1988; Douglas et al. 2001; Meddle et al. 2000; Onaka et al. 1995; Raby and Renaud 1989) . Norepinephrine acts on local glutamatergic circuits within the hypothalamus to activate oxytocin neurons (Boudaba et al. 2003; Daftary et al. 1998; Randle and Bourque 1986; Yamashita et al. 1987 ). More recently, projections from PVN to noradrenergic neurons in NTS have also been described (Geerling et al. 2006) . Oxytocin is released from the posterior pituitary into the bloodstream to induce smooth muscle contraction of the uterus during parturition, or the milk ducts during suckling (Fig. 2) .
Oxytocin plasma levels peak for a few minutes immediately preceding the expulsive phase of labor (Dawood et al. 1983; Gilbert et al. 1994; O'Byrne et al. 1986; Thornton et al. 1988) and remain elevated for up to 45 min postpartum in humans (Nissen et al. 1995) . However, it is unknown whether oxytocin is simultaneously released in central brain regions during that time, or whether this postpartum oxytocin spike is required for cortical plasticity and increased sensitivity towards infant cues. One study in human subjects showed that vaginal delivery has a positive effect on the baby cry response in the auditory cortex of human mothers (Swain et al. 2008) .
During nursing, plasma oxytocin levels peak at a slower timescale in the order of several minutes (Dawood et al. 1981; Lucas et al. 1980; Weitzman et al. 1980 ) and follow a pulsatile pattern (Freund-Mercier et al. 1988; Jonas et al. 2009 ). In human mothers, periods of massage-like hand movements performed by the baby prior to suckling are followed by an increase in maternal oxytocin plasma levels lasting for several minutes (Matthiesen et al. 2001 ). This suggests that not only the suckling itself but also skin-to-skin contact with the child are able to induce high oxytocin in mothers. Thus, extensive nursing and contact with the infant would trigger pulsatile release of oxytocin associated with individual episodes of the milk ejection reflex but altogether leading to an increased oxytocinergic tone in the PVN (Bains 2002; Ludwig and Leng 2006) . This positive feedback loop of oxytocin-induced-oxytocin release within the PVN, induced by nursing, may contribute to a parallel oxytocin release in central areas like the auditory cortex. Breastfeeding has been shown to result in increased activation of various cortical regions in response to mother's own baby's cry ) and promotes maternal sensitivity towards infant distress (Edwards et al. 2015; Pearson et al. 2011) . Suckling itself results in activation of various cortical areas (Febo et al. 2008 Ferris et al. 2005) , which further suggests that high levels of central oxytocin, induced by nursing experience, may drive cortical plasticity. Importantly, oxytocin plasma levels are decreased in mothers with postpartum depression who also present breastfeeding difficulties (Brummelte and Galea 2016; Kim et al. 2014) . Depressed mothers have decreased sensitivity to infant distress vocalizations and are less likely to initiate adequate caregiving responses Murray et al. 1996) .
Actions of central oxytocin are fast, on the order of seconds to minutes (Dölen et al. 2013; Hung et al. 2017; Knobloch et al. 2012; Mitre et al. 2016; Ninan 2011; Oettl et al. 2016; Owen et al. 2013; Tang et al. 2014; Xiao et al. 2018; Xiao et al. 2017) . Oxytocin release enables the detection of infant vocalizations in A1 in vivo and drives quick and efficient maternal responses (Marlin et al. 2015) . Moreover, oxytocin may also have long-lasting actions in cortical areas, as acute oxytocin injection in S1 results in increased excitatory transmission, measured in brain slices at 1 day after treatment (Zheng et al. 2014 ). Therefore, it is possible that map expansion and receptive field plasticity (Rosselet et al. 2006; Xerri et al. 1994 ) may be due to an increased input from sensory afferents, together with higher oxytocin in S1.
Contraction of the uterus during parturition, as well as contractions of the milk ducts allowing for the milk letdown during suckling, are triggered by a well-characterized rhythmic pattern of oxytocin neuronal firing (Fig. 3) . Oxytocin neurons in PVN and SON exhibit intermittent high-frequency bursts consisting of a 50-100 Hz firing rate within bursts and lasting for 1-2 s (Brown and Moos 1997; Paisley and Summerlee 1984; Summerlee 1981) . Rhythmic bursting activity in oxytocin neurons is generated by afferent excitatory inputs (Jourdain et al. 1998) . Each burst occurs every 5-10 min and it is correlated with the rise of oxytocin plasma levels that occurs within a few seconds after neuronal bursting (Dawood et al. 1981; Lincoln and Wakerley 1975) . These bursts are followed with a period of inactivity during several seconds. Therefore, parturition and suckling trigger a stereotypic pattern of rhythmic activity in oxytocin neurons and intermittent Fig. 2 Peripheral release of oxytocin during parturition and suckling. Sensory information from the uterus (dilation of the cervix) during parturition and the nipples during suckling is carried by c-type sensory fibers via the dorsal root ganglion (DRG) in the spinal cord where they send ascending projections via the spinothalamic or the spinocervicothalamic tract, to the ventral posterolateral nucleus of the thalamus (VPL). VPL then projects to the somatosensory cortex (S1). Projections from S1 to the PVN have not been demonstrated. A2 adrenergic fibers from the nucleus tractus solitarius (NTS) release noradrenaline (NE) in PVN and SON in response to suckling and during parturition and contribute to the burst firing of oxytocin (OT) neurons and subsequent oxytocin release in the blood. Peripheral oxytocin induces contractions of the uterus and the milk ducts during the milk ejection reflex (MER). PVN also projects to the auditory cortex (A1) peripheral oxytocin release. In addition, during suckling, there is a linear increase in their firing rates following increased stimulation (i.e., number of pups that suckle) (Lincoln and Wakerley 1975) .
However, aside from parturition and suckling, it is unclear when oxytocin neurons are activated by other infant-related stimuli such as touch (e.g., pup grooming in rodents, skin-to skin contact in humans) or sound (e.g., infant vocalizations), or whether these patterns of activity are distinct from the wellknown high-frequency burst firing during milk ejection reflex (Lincoln and Wakerley 1975) . It is possible that other sensory stimuli that-unlike suckling-do not occur in a rhythmic way (Ellendorff et al. 1982; German et al. 1997; Westneat and Hall 1992) , would result in more continuous firing patterns, enabling sustained oxytocin release in central areas.
Importantly, oxytocin neurons receive various inputs (Brown et al. 2013; Johnson et al. 2018) , which may be activated in different contexts and, thus, promote or inhibit the stereotyped bursting activity. Burst generation and the milk ejection reflex are occluded by low-frequency activation of the lateral and medial septum (Boudaba and Poulain 1991; Lebrun et al. 1983; Lebrun and Poulain 1982) , which plays a role in maternal aggression important for offspring protection (Lonstein and Gammie 2002) . Hyperosmotic stimulation also results in interruption of bursting activity and inhibition of the milk ejection reflex, while GABAergic inputs have been shown to facilitate burst firing in oxytocin neurons (Moos 1995) . In contrast, simulations shows that when excitation and inhibition are balanced, oxytocin neurons exhibit a linear response to proportionate changes in input rate . Therefore, oxytocin neurons display two contrasting patterns of activity: bursting and continuous firing, which may be triggered by the recruitment of different inputs. One possibility is that various distal auditory and/or olfactory infant cues that induce appetitive (pup retrieval) and consummatory (pup licking) behaviors in dams (Numan 2007 ) may result in a tonic firing of oxytocin neurons. In contrast, burst firing may occur exclusively during parturition to induce contractions of the uterus and expulsion of the fetus and during nursing to allow the milk letdown. Interestingly, it has been proposed that increased arousal would block the milk ejection reflex and therefore occludes rhythmic bursting in oxytocin neurons in rats and rabbits (Lincoln et al. 1980; Summerlee and Paisley 1982) but not in pigs (Poulain et al. 1981) . Increased arousal occurs during states of high maternal motivation, when hearing the calls of distressed pups, for example (Newman 2007; Numan 2007) . Some aspects of maternal behavior, such as pup approach and retrieval in response to pup distress calls, as well as pup licking, requires dopamine signaling, while nursing requires inhibition of dopamine (Hansen et al. 1991a, b; Johns et al. 2005; Keer and Stern 1999; Silva et al. 2001; Stern and Taylor 1991; Tay et al. 1993) . Importantly, this suggests that high maternal arousal has an antagonistic action on nursing but not on central oxytocin release, as pup retrieval is dependent on oxytocin signaling in A1 (Marlin et al. 2015) . Therefore, different sensory stimuli (distal such as vocalizations, or proximal such as suckling) might induce contrasting activity patterns in oxytocin neurons resulting in either peripheral or central oxytocin release.
Responses to pup distress calls in A1 of dams can be mimicked by pairing calls with optogenetic activation of PVN oxytocin axons in A1 of virgins (Marlin et al. 2015) . This increase in oxytocin signaling in the cortex of dams may be driven by the release of oxytocin from the PVN in response to infant vocalizations. However, it is unclear what inputs to PVN oxytocin neurons might provide this information and neuronal drive (Brown et al. 2013; Numan and Young 2016) . Although it still remains unexplored which inputs to PVN and what firing patterns of oxytocin neurons are sufficient to trigger oxytocin release in central targets (Chini et al. 2017) , there is substantial evidence that they may be different Brown and Moos (1997) . c Extracellular recording (top, integration; bottom, unitary responses) of one SON neuron in anesthetized rat during suckling. The peak in intramammary pressure corresponds to a pulse of about 0.5-1.0 m.u. oxytocin. Neurosecretory response (NE); milk ejection (ME). Note the delay between increased neuronal activity and the peak in intramammary pressure. Adapted with permission from Lincoln and Wakerley (1975) than burst-firing. While rhythmic bursting activity, associated with the milk ejection reflex and peripheral oxytocin release from the pituitary, consists of intraburst frequencies of 50-100 Hz (Brown and Moos 1997; Paisley and Summerlee 1984; Summerlee 1981) , optogenetic stimulation of either PVN oxytocin neurons or their projecting fibers in various central and peripheral regions, have demonstrated that lower frequencies of continuous firing are sufficient to trigger oxytocin release. Optogenetic stimulation of oxytocin neurons in the PVN at 30 Hz promotes social learning (Choe et al. 2015) . Optogenetic stimulation of PVN oxytocinergic inputs in the lateral part of the central amygdala at 30 Hz for 20 s increases the firing rate of amygdala neurons in brain slices and attenuates freezing behavior in animals exposed to fear context in vivo (Knobloch et al. 2012) . The same pattern of optogenetic stimulation applied to PVN oxytocin fibers in SON increases the activity of SON neurons ex vivo and significantly elevates plasma oxytocin levels (Eliava et al. 2016 ). In addition, PVN oxytocin fibers in the spinal cord, which regulate the activity of the C-fibers, can also be activated by this optogenetic stimulation to modulate inflammatory pain processing (Eliava et al. 2016) . Finally, stimulating PVN oxytocin inputs in the anterior olfactory nucleus results in increased excitability and excitatory drive ex vivo (Oettl et al. 2016 ) and oxytocin release from PVN fibers in the ventral tegmental area promotes sociability (Hung et al. 2017) . Repeated optogenetic stimulation of PVN oxytocin axons in A1 at 30 Hz for 1 s, paired with the presentation of pup distress calls in virgins, is sufficient to modify the excitatory-inhibitory balance in vivo and results in temporally precise activation of cortical neurons in response to the calls (Marlin et al. 2015) . The same pattern of stimulation in A1 or PVN also has a strong behavioral effect since it significantly decreases the pup retrieval onset in cohoused virgins (Marlin et al. 2015) . Importantly, optogenetic oxytocin release from axons can be induced at a much lower stimulation frequency at an increased duration of 5 Hz during 3 min in different brain structures ex vivo as A1, piriform cortex and PVN itself, resulting in a decrease of inhibitory transmission and increased spiking output . Although optogenetic stimulation might produce artificially-synchronous activity across oxytocin neurons or oxytocin axons, these data suggest that oxytocin release in central areas may be triggered by patterns of firing that differ from the well-known bursting activity important for parturition and lactation.
Conclusion
Oxytocin is involved not only in homeostatic regulation of reflexes such as parturition and lactation but it is a crucial part of other aspects of motherhood such as care and protection of the offspring (Marlin et al. 2015; Nakajima et al. 2014; Sabihi et al. 2014 ). Oxytocin mediates a broad spectrum of prosocial behaviors such as empathy, pair bonding, mating and social reward (Dölen et al. 2013; Hung et al. 2017; Insel and Young 2001; Nakajima et al. 2014; Rogers-Carter et al. 2018) . Therefore, studying oxytocin circuits controlling maternal behavior will advance our understanding of the mammalian social behavior network.
Oxytocin gates the representation of infant vocalizations in A1 (Marlin et al. 2015) but it remains unknown whether it is also important for the onset and/or maintenance of plasticity in S1 (Rosselet et al. 2006; Xerri et al. 1994) . The oxytocin receptor is expressed in several cortical areas, including A1, S1, mPFC, insular cortex, entorhinal cortex and piriform cortex (Knobloch et al. 2012; Mitre et al. 2016; Rogers-Carter et al. 2018; Sabihi et al. 2014 ). However, it remains unexplored how maternal oxytocin might control these areas.
New mothers can recognize the different needs of the young and appropriately respond to them. Infant stimuli trigger simultaneous responses in different brain areas of mothers (Febo et al. 2008; Lorberbaum et al. 2002; Sander and Scheich 2005) but it remains to be explored if oxytocin acts simultaneously in different cortical areas to gate these responses, or, alternatively, if oxytocin signaling is restricted to specific regions. Finally, the transition to motherhood may trigger longlasting changes in oxytocin signaling in central areas, which have additional consequences for future social experience or cognitive processes. Oxytocin signaling in the insular cortex differentially regulates affection towards juveniles or adults (Rogers-Carter et al. 2018 ). An important future research direction would be to explore how cortical oxytocin during motherhood might affect the perception of infant and adult social cues.
